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Abstract:  The  .jaqjnetic  suscoptibility  of  cupric  nitrate 

"trili; drate"  CuOhG^Jg  uas  been  measured  on  the  powder 

and  on  single  cryst;JLs  in  the  14-20  and  0.4-4. 2°K  ranges  of 
temperature.  The  susceptibility  of  the  powder  lias  a  rounded 
aaxiutun  at  3.2°K,  where  it  is  equal  to  0.065  CC'J/uiola,  and 
drops  very  rapidly  towards  zero  below  tl»is  te:..porature.  Tiiis 
bennvior  differs  from  that  of  a  typical  antif erro-iia^net .  The 
expari-.iental  data  have  boen  compared  with  existing  theoretical 
calculations  for  antiferro-.a^netic  linear  chains  or  binary 
clusters.  In  the  single  crystal,  the  suscoptioility  measured 
in  a  direction  parallel  to  the  .  .onoclinic  axis  is  alv/aj  s  lar¬ 
ger  by  20^  tnan  the  susceptioility  in  the  j^erpeidicular  direc¬ 
tions.  Tills  is  probably  due  to  a  uniaxial  anlootrop;  of  the 
6  faster. 
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The  stud;,  of  the  cupric  salts  provides  one  of  the  :ioat  conven¬ 
ient  experimental  tests  for  the  theories  of  interacting  paramagnetic 
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ions.  The  Cu  ion  has  a  spin  3  =  ~  ,  value  for  wiiich  the  largest  a- 
raount  of  theoretical  work  has  been  done.  >  creover,  tiie  relatively  small 
value  of  the  , magnetocry  ataliino  anisotropy  simplifies  comparisons  between 
experiments  and  tneory. 

Very  little  is  known  about  tiie  ,  agnotic  properties  of  cupric 
nitrate  triliydrate,  wiiich  is  one  of  the  most  co... on  cupric  salts.  The 
mgnetic  susceptibility  lias  been  measured'  only  above  73°K.  Tiie  para- 

o 

magnetic  resonance  nus  been  observed  at  room  toiperature  on  the  pewdor  . 

be  liavo  measured  tiie  susceptibility  of  this  salt  in  both  powder 
and  single  crystal  forms,  in  the  liquid  helium  and  in  tl.e  liquid  hydro¬ 
gen  ranges  of  temperature.  Tne  .  leasurements  on  the  powder  iiave  been  ex¬ 
tended  down  to  Q.4°K ,  using  a  He^  cryostat. 


DwSC.ClITlUii  OF  Till  DA  PL.vi 

The  salt  obtained  above  26°C  by  cooling  a  saturated  solution  of 
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cupric  nitrate  in  water  is  usually  referred  to  as  the  trihydrate 
CuCNOj)^  According  to  Dcliroine.  akars ,  Jerkhoff,  and  iosthuaus^, 

and  also  to  l.ilsox  aid  bailey'*  ,  this  salt  is  rather  CuOiO^g  . 

In  a  short  note0  on  the  X-ray  determination  of  tiie  structure,  Dornbergar- 
bciiiff  and  Lociojowicz  give  a  projection  of  t».o  eloctron  uonsifcy  on  a 
plane  pei'perdicular  to  the  monoclinic  axis ,  from  wiiich  one  may  infer 
that  tiie  formula  is  Cu(h02)2  2„i>IL0o 

The  material  used  in  the  ,)re3uiit  investigations  was  obtained 
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from  the  J.  T.  Baker  Chemical  Company ,  in  the  "Baker  Analyzed  Rea  cent" 
grade.  All  sa.  pics  were  recry  stallizod ,  by  cooling  a  saturated  solution 
down  to  40  or  30°C ,  in  order  to  insure  the  ijroixsr  degree  of  liydration. 
Solutions  of  cupric  nitrate  should  not  be  heated  to  mro  tlian  70°C,  as 
a  white  powder  precipitates  3lowly  above  this  ta.iperaturo.  Care  should 
also  be  exercised  to  prevent  organic  materials  from  coming  into  contact 
with  tlds  strongly’  oxidizing  salt,  Sheets  of  filter  paper  catch  fire 
spontaneously  when  soaked  with  solution  and  left  to  dry  in  the  heat  of 
an  electric  bulb. 

It  is  easy  to  obtain  large  single  crystals  of  two  salt.  They 
nave  an  elongated ,  often  noedle-liko,  oliape.  A  plane  of  easy  cleavage 
runs  parallel  to  the  needle  axis.  The  crystal  belongs  to  the  C2/c  nono- 

O  o  O  ~ 

clinic  croup,  with  a  «=  22.2  A  ,b  =  4.90A,  c=>  15.4  A  ,  3  =  48  ,  accord¬ 
ing  to  the  few  X-ray  data  available^.  The  angles  of  tlie  faces  suggest 
that  the  monoclinic  axis  b  is  the  needle  axis,  he  have  performed  op¬ 
tical  .measurements  in  parallel  and  in  convergent  polarized  light  which 
fully  confir;is  tills.  Tne  two  optical  axes  lie  in  the  ac  plane.  One  of 
than  13  nearly  perpendicular  to  the  cleavage  plane. 

EKPJaOiLiJTuL  B-iOCnDURS 

Ilagnetic  susceptibilities  liave  been  neasured  by  means  of  a  mutual 
inductance  bridge,  working  usually  at  275  cps.  This  bridge  is  sirjilar 
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to  that  describad  by  Fillinger,  Jastraa,  and  Daunt  .  The  small  change 
of  .autual  inductance  ^oducod  by  insertion  of  the  sample  into  the  coil 
is  proportional  to  the  susceptibility  of  the  sample.  Tiie  bridge  is  cali¬ 
brated  during  each  run  against  a  sample  of  powdered  .  anganous  aoaoniun 
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sulphate,  the  susceptibility  of  which  is  given^  by  ^  «*  0.0H19/T 
CGJ/gn  . 

In  the  case  of  powder  measurements ,  the  sample  is  packed  in  a 
tliin  pi  rex  or  soft  class  sphere  supported  by  a  tliin  nylon  tliread.  In 
the  case  of  single  crystal  measurements ,  the  sample  is  tied  with  nylon 
tiiread  to  a  plastic  platform  which  lias  been  glued  with  epoxy  resin  to 
the  end  of  a  tliin  lucite  rod.  The  ijasses  of  tae  aa,..pl©  range  from 
0o5  to  1  eta. 

In  the  14-20%  range  and  in  the  1.3-4. 2%  range ,  the  sample  and 
tiie  mutual  inductance  coil  are  in  direct  contact  with  a  liquid  hydrogen 
oath,  or  with  a  liquid  helium  bath.  In  the  0.4-1 .3%  range,  we  uso  a 
lle^  cryostat.  Details  of  this  apparatus  will  be  given  in  another  pub¬ 
lication.  The  sample  is  in  direct  contact  with  the  Ile^  bath,  and  a 
cerium  .'.agnosia..!  nitrate  sample  is  used  a3  a  standard  to  calibrate  the 
mutual  inductance  bridge,  aid  also  a3  a  magnetic  ther:  iometer.  Tlie  sus- 
eeptioility  of  this  salt  is  given ^  by  ^  <*  (2.73  x  10~Vt)  +  2.13  x  10~^ 
CGo/gia  . 

DISCUSSION  OP  THi  .t_SaiLT3 

The  experimental  results  are  sham  in  Fig.  1.  The  susceptibility 
lias  been  measured  on  the  powder.  It  lias  been  Pleasured  on  a  single  crys¬ 
tal,  along  the  uonoclinic  axis  b  $  it  lias  also  been  measured  along  three 
directions  in  tha  ac  plana  perpendicular  to  the  nonoclinic  axis.  One 
of  these  tliroe  directions  is  parallel  to  the  cleavage  plane  mentioned 
before.  Another  is  perpendicular  to  this  cleavage  plane.  The  tldrd  one 
is  approxi  ately  at  45°  to  the  cleavage  plane. 
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Far  all  samples,  the  susceptibility  is  found  to  have  a  rounded 
raaxiuun  at  3«2%.  It  drops  very  rapidly  below  tids  tcsnperature.  The 
susceptibility  of  the  powder  seeus  to  riso  again  below  0,6 °Kj  tests  per- 
foTijod  with  e..pty  pyrex  spheres  shot-/  ha;evor  that  this  riso  i3  mostly 
due  to  the  ixirasitic  Curie  paramagnetism  of  the  sample  holder.  If  this 
contribution  is  subtracted  from  fcho  data,  one  finds  that  the  suscepti¬ 
bility  of  Cu(iiO-j)g  2.5  I^Q  is  vanisliingly  small  in  the  0.4-Q.6oK  range . 
Tiie  parcu&gnotisu  of  the  sa.:plc  holder  becouos  negligible  at  1.3°K  and 
above. 


In  the  single  crystal,  the  .-.fissured  susceptibility  is  the  sa:.© 
in  tiie  three  directions  perpendicular  to  the  uonoclinic  axis.  From  this 
it  can  bo  deduced  tint  the  susceptibility  is  isotropic  in  the  plane  per¬ 
pendicular  to  the  i.ionoclinic  axis.  The  value  ^  in  this  plane  is 


X 
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along  tiie  uonoclinic  axis,  at  all  teta- 


2CEu  lower  tlian  the  value 
peratures. 

This  behavior  differs  from  tliat  of  a  typical  antiferromagnet. 

The  powder  suscoijtibility  of  an  anti f err o^ngnet^  usually  drops  for 
vanishing  temperature  to  no  loss  tlian  one  half  of  the  ;:cxirju».i  value 
readied  close  to  tiie  ueel  point .  !  lor  cover,  the  single  crystal  suscep¬ 

tibility  of  an  antiforrouagnet  is  very  anisotropic*  it  vanishes  at  ab¬ 
solute  zero  (or  beca.ws  vary  s  nil)  along  the  direction  of  the  sublattice 
magnetization ,  but  remains  quite  ldgh  in  other  directions. 

Our  data  would  rather  suggest  that  the  :  magnetic  ions  in 
CuG.'O^)^  2.5  H20  aro  associated  in  independent  pairs  (binary  clusters), 
or  tliat  the’  form  ono-di:.finsional  ciiaina.  The  available  X-ra;,  structure 
infor.  ntlon^  is  not  complete  enough  to  directly  decide  between  these  two 
possibilities.  A  detailed  discussion  of  these  possibilities  is  given 


in  tin  next  section 


5 


i.'o  iiave  investigated  tno  frequency  dependence  of  the  powder  sus¬ 
ceptibility  at  1.3%  and  at  14.1%.  In  both  cases,  the  susceptibility 
is  tlie  sf_ao  at  130  epa  and  at  275  cps. 

There  is  a  s..iall  difference  betweon  our  pawdor  data  and  tho 


averace  ^  )( 


2V 
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of  our  single  crystal  data  in  the  liquid 


•£  '  3  AJ. 

liydroqon  ran£0  (Fi^#  3).  This  :.iay  be  ascribed  to  some  eiqierinerital  error , 
or  to  variations  in  the  physical  3tato  of  the  sa..ylos.  Cupric  nitrate 
trijiydrato  is  very  iiyGFOscopic. 


TlffiGdETIGAL  ItdobLTG  FQii  BHiATiY  CLUGTiilS  Ail) 


Fat  Ai  .TIFriutO*  JiGI-inTIC  CIIAIiid 


The  susceptibility  of  a  system  of  binary  clusters  has  been  cal- 

1  j  jo 

culated  by  Uleaney  and  Bowers  *  .In  writing  the  exchange  ha:  ilton- 
ian  H  of  a  cluster,  we  define  the  exchange  constant  J  of  a  cluster 
in  a  way  wliich  differs  froa  theirs,  for  reasons  which  will  become  clear 
later: 

ii  =  -4  j  T,  .  J2  (1 ) 

"S>  | 

where  Sj  and  3^  are  the  spins  of  the  two  3  =  ~  ions.  Assuming  tliat 
tlie  ainglet  is  the  Ground  state  (that  i3,  J  ^  0),  tlie  susceptibility  of 
one  cole  of  cupric  ions  is: 

MffisM  Vs 

3kT  i  +  ±exp(0j 

The  relation  botwoen  tae  exchange  constants  used  by'  various 
authors  is  Given  in  Table  I. 


IJo  exact  calculation  of  tlie  susceptibility  of  an  infinite  ono- 
diaenaiotial  chain  of  ions  with  isotropic  exclianee  couplinG  is  available 
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at  the  ^-resent  tine,  Kataura  has  coeluted  the  susceptibility  of  a 
ring  of  li  =  6  3pina.  Griff iths^  lias  computed  the  susceptibility  of 
rings  of  II  =  2,  4,  6,  8,  10  spins.  They  U3e  the  excliange  lwniltoniatu 

H  =  -zj[  l  « 

with: 

Ixi  Eq.  3  >  3^  is  tiie  spin  (8  **  of  the  1th  ion,  and  the  con¬ 
stant  J  is  the  sane  as  tint  usod  by  thoso  authors  (300  Tablo  I). 

In  the  case  of  a  ring  of  II  =  2  spina,  it  is  easy  to  see  that 
Sc:.  3  is  identical  with  Liu.  1.  In  fact,  ue  have  dofined  the  oxcliange 
constant  of  the  binary-  cluster  of  ilq.  1  in  just  3uch  a  way  tint  this 
cluster  may  be  considered  as  a  ring  of  two  spins. 

The  results  of  tliose  theoretical  worhs  aro  represented  on  Fig.  2. 
..e  plot  u  =■  log  (3kT^  /UQ  g2  p2  S(3  +  l))  versus  jjj  /icT  ,  wl»re  ^ 
is  the  theoretical  susceptibility  of  one  nolo  of  ions.  On  such  a  dia¬ 
gram,  Curie*  s  law  v/ould  give  a  horizontal  straight  lino  u  =  1 ,  and  the 
parallel  susceptibility  of  an  infinite  Ising  chain  would  give  an  oblique 
straight  line.  At  idgh  temperature,  we  see  tint  u  (or  ^  itself)  is 
independent  of  II  ;  this  is  to  be  expected,  as  short-range  order  extends 
at  these  temi>eratures  only  to  distances  smaller  tlian  the  circumference 
of  the  ring.  Tiio  nigh  te..iperature  slopo  of  all  theoretical  curves  is 
tho  some. 

he  liave  fittod  our  cnqxsrl.jontal  data  in  the  region  above  1.3°^ 
to  these  ttieoretical  curves  (Fig.  2).  Tlds  requires  tho  choice  of  tho 
valuo  of  the  two  pura.eters  g  and  J.  The  condition  that  aiqjeri.iental 


and  theoretical  values  of  u  'oo  equal  at  infinite  temperature  determines  g. 

The  condition  t..at  h.e  slope  of  the  experimental  and  of  tl.o  theoretical  u 

curves  bo  equal  at  infinito  temperature  doter nines  J.  however ,  the  general 

curvature  of  tl.o  experimental  u  curves  is  independent  of  the  choice  of  g 

and  J.  Using  the  powder  data,  tno  c  -rvaturo  of  the  ox.:,eri..x>ntal  u  curve 

is  such  tixl  it  coincides  ncitnar  with  ti.e  curvo  for  tr.o  binary  clusters 

(b=2)  nor  v.'itn  tnat  for  a  very  long  chair,  (Ii ^  10)  v  if  we  choose  g  “  2.32, 

j/k  “  -2.1^1,  we  obtain  a  close  fit  to  the  ;>=4  curve,  though  this  is  not 

likwly  to  navo  any  re;-.!  p..„  sieal  significance,  in  tiie  other  Land,  using 

an  average  of  the  single  crystal  data,  tiie  ci^eriaental  u  curvo  has  a  sorne- 

v.-Jiat  larger  curvature,  and  can  be  fitted  b03t  to  the  curve  for  the  binary 

clusters,  using  g  -  2.13,  J/k  —  -1.2d°l . 

he  Lave  also  represented  our  data  on  a  si;iplo  diagram  of  versus 

T  (Fig.  3).  The  fit  is  .  .ude  i.orc  in  sucii  a  -..ay  t..nt  the  oa.di.vi  of  the 

curves  coincide.  ..e  ,_ot  g  -  2.11,  J/k  ~  -1.23°K  far  t:.e  fit  to  the  binary 

clusters  a.xi  g  =>  2.4V »  J/k  ~  -2.56°X  for  the  fit  to  a  ring  of  10  spins. 

Again,  tac  theory  for  the  ring  of  2  spin3  (binary  duster)  is  in  fair  ayce- 

■UGiit  with  tne  average  of  our  singlo  cr,  stal  data. 

The  various  g  values  obtained  in  the  present  work  my  be  compared 

with  the  value  g  -  2.22  deduced  iron  the  high-toaperaturo  powder  icasure- 

..wnts  by  -.scoff iar  aid  Gauthier^.  ..o  Lave  had  to  correct  the  uolar  Curie 

constant  given  by  these  authors,  because  of  tae  incorrect  formula 

o 

Cu(::03)2  3(H2:j)  used  by  them.  .Iduno  ot  alii**  found  g  -  2. 1-2. 2  by  para- 

..ui^notic  resonance  on  the  powder  at  rooa  teaperature,  closer  perhaps  to  our 

fitted  value  for  the  binary  clusters. 

Should  cupric  nitrate  triirdratc  prove  to  Da  a  system  of  binary 

clusters,  it  would  provide  t..c  first  o^aiaplc  of  such  clusters  „it,.  an  ex- 

Q  12 

chango  constant  J/.e  of  only  a  few  & .  In  the  case  of  cupric  acetato 

and  of  ti.e  other  cupric  alteioates ,  j/k  is  two  orders  of  .  ngnitudo  larger. 


REMARKS  ON  THE  Ib-TKIEtATUR2 


suscei-tibhiti  of  the  finite  aid  of 

THE  INFINITE  CHAIN 

UV  f  C  4/ 

Bul&vskii  ,  and  al30  Kntsura  ,  iiave  recently'  calculated  the 

susceptibility  of  an  infinite  one-dimensional  chain  v/ith  isotropic  ax- 

<&> 

change  coupline.  Botli  authors  roscrt  to  approbations.  Bula'jslcii 
finds  that  the  susceptibility  regains  finite  and  positive  at  the  abso¬ 
lute  zero.  However,  as  Xatsura  uses  an  expansion  in  powers  of  l/T,  it 
is  not  obvious  that  his  theory  can  be  used  in  the  neighborhood  of  the 
absolute  zero  •  Moreover,  the  approbations  usod  by  both 

authors  destroy  the  isotropy  of  the  eoxitfinte  iiaciiltonian.  Therefore, 
it  is  likuly  tint  tne  low-ly  in<y  opoctruu  of  spin-wave  excitations  is 
strongly  modified,  and  the  value  of  the  susceptibility  cannot  be  trusted 
at  the  lowest  temperatures .  It  is  for  these  reasons  that  we  lave  not 
compared  our  data  with  these  calculations. 

There  is,  unfortunately,  even  some  evidence  taut  the  comparison 
(Fic.  2  and  Fic.  3)  of  our  data  with  the  calculations  for  a  finite  rin& 
is  of  doubtful  significance.  Those  calculations  aro  interesting  ..lalnly 

because  t..e  reeults  ui;jht  bo  used  as  an  approbation  to  the  suscopti- 

17 

bility  of  an  infinite  chain.  Ginzburg  and  Fain  iiave  pointed  out  tliat 
the  Shall  value  of  X  for  a  finite  ciiain  ut  T  ^  j  J  f  /Nk  probably' 
increases  exponentially  with  the  length  of  the  ciiain.  Tliis  exponential 
dependence,  in  fact,  seems  to  exist  already  in  the  low-teaperature  region 
of  our  Fip;.  2.  The  extrapolation  to  an  infinito  ciiain  is  therefore  not 
possible.  Thee  also  pointed  out  t; .at  be  susceptibility  of  a  very  long 
ciiain  ..djit  be  field -dependent. 
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Th©30  unecartainties  in  the  theory  of  a  linear  antiferroiaagnotic 
cliain  v;ould,  of  co-*jrso,  bocooe  irrelevant,  should  cupric  nitrate  prove 
to  be  a  systoia  of  sannry  clusters  rather  than  a  s^  sta.i  of  infinite  chains. 

Ocuchi'  ixsas  recently  discussed  the  properties  of  ti.o  ground 
state  of  antiforro—ayiats  and  linear  chains.  He  aiowed  the  existence 
of  a  relation  botwoen  a  loan-vanioldng  lcw-tenporature  susceptibility 
and  a  lone  sublattxi.ee  suitcling  tiue.  According  to  this,  cupric  nitrate 
would  have  a  short-  sublattice  switcliing  ti..ie. 

CONCLUSIONS 

Our  susceptibility  data  suggest  tiiat  the  cupric  ions  in 
Cu 0^3)2  2«5  I^Q  cxro  associated  in  binary  clusters,  or  along  ono-diuan- 
sional  chains,  vdtxh  anti  rci'rorapne tic  coupling.  The  data  aro  in  soi.se- 
wliat  better  agrooi—wnt  uitii  tho  first  assui.iption  than  with  the  second  one. 
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TABLii  1.  Relation  between  our  exchange 
constant  J  and  that  of  other  authors. 
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